The acid dissociation constants of long-chain esters of carnitine (5-hydroxy-~,-trimethylammonium-butyrate) above the critical micelle concentration were determined potentiometrieally at several concentrations of added KC1. As the degree of protonation 5 increases the apparent pK values decrease owing to the increased positive charge on the micelle. The difference in pK between the neutral (zwitterionic) micelle and the value at any given ~ was used to determine the surface potential of the mieelle ,I* at that degree of protonation. At each degree of protonation the measured surface potential was related to the surface charge density ~ with the aid of the calculations of Loeb, Wiersema, and Overbeek for a spherical impenetrable particle. The surface potentials and surface charge densities of lauryl-, myristyl-, and pMmitylcarnitine are nearly identical at a given degree of protonation and ionic strength, and, as expected, increasing the ionic strength produces a decrease in the surface potential. From the partial molal volume of each surfactant in the mieelle and the calculated surface charge density it was possible to calculate the aggregation number n of the micelle. Good agreement was found between the calculated values of n and values obtained from light-scattering experiments at several ionic strengths and degrees of protonation.
INTRODUCTION
In a previous publication (1) where n = 7, 9, 11, 13, and 15, form micelles and that the observed pK of the micellar surfactant is dependent on the net charge of the mieelle, the ionic strength, and the specific ions present. The present study was designed to relate the pK of the charged micelle to its surface potential, and to then calculate the surface charge density and aggregation number. Values for aggregation number obtained in this manner were then compared to those obtained by the lightscattering method.
THEORETICAL CONSIDERATIONS
Surface Potential. At any given degree of ionization ~ of a mieelle, the surface potential can be calculated from the difference between the observed pK at that degree of ionization and the pK at ~ = 0, pG, by the following equation (1-4) : = 2.303 £_T (pK --pG), [1] E where k is the Boltzmann constant; T is the absolute temperature; and e is the charge of an electron.
Micelle Model. In order to determine the micelle size from the surface potential and degree of ionization it is necessary to utilize a model for the micelle. The model to be considered in this report treats the micelle as a smooth, spherical, impenetrable particle Of radius, b. The net charge of the micelle at any degree of ionization Z is assumed to be smeared uniformly over its surface, and the distribution of univalent ions near the surface is determined by a Boltzmann distribution, the distance a of closest approach of an ion to the micelle center being equal to the radius of the micelle plus the radius of the electrolyte ion.
First Debye-Hi~ekel Approximation (DH1).
The -}-~ tanh
Flat Plate Approximation (FP).
A fourth means of treating this problem is to relate the surface charge density and potentiM by the analytical solution of Gouy and Chapman for a flat plate (7) . Although this is not valid for spherical particles, it has been used in preview studies (4, 8) . According to this treatment
~P Dt~T~ 2 sinh (~f ) .
[6]
O" --47I'~ Geometrical Considerations. At any degree of ionization the surface charge density z of the micelle is related to the net charge Z and the surface area A of the micelle by = Z/A.
[7]
The net charge on a micelle having an aggregation number of n and a degree of ionization is: Z = n~, [S] and the aggregation number is related to the radius of the micelle by n = 47rb3/3v [9] provided that the volume v of the surfactant in the micelle is independent of ¢~. Equations [7] , [8] , and [9] can be combined to give b = (3v/~¢~)~ or [10] b = 3vz/E~ which is valid at any value of ~. If Eq. [1] is substituted into Eqs. [2] , [4] , [5] , and [6] and the resulting equations are combined with Eq. [10] , the following equations result:
and tests for purity agree well with literature values (10) . Plots of surface tension vs. con- Determination of Critical Micelle Concentration. The determination of the critical mieelle concentration (c.m.c.) is necessary to evaluate the relative contribution of monomerit and micellar species to the titration behavior of the long-chain acylearnitines. This was accomplished by determining the concentration at which the break in the log concentration vs. surface tension plot occurs.
The surface tensions of solutions containing various concentrations of lauryl-, myristyl-, and palmitylcarnitine were determined by the drop volume method, as described previously (1). Table I Research pH Meter equipped with a Beckman 39167 General Purpose Glass Electrode and a Beckman 19168 Silver-SilverChloride Reference Electrode. All solutions described in this paper are well above the critical micelle concentration (see Table I ) so that the contribution of the monomeric species to the titration curve is negligible. The degree of protonation ~, which in the case of the acylcarnitines is also the degree of ionization, is defined as,
where (RH +) and (RH ~) are the concentrations of cationic and zwitterionic surfactant. The value of/~ is determined experimentally from the amount of titrant added and the amount required to completely titrate the sample (1). If the hydrogen or hydroxyl ion concentration is not negligible compared to that of the acylcarnitine, the condition of electrical neutrality must be considered in determining the value of fl (11) . The observed pK value at any given degree of ionization, pK, is calculated from the pH and the degree of ionization by: [16] pK--pH-t-logi--~.
Molecular Volume. The partial molecular volumes of the acylcarnitines, exclusive of their counterions, were determined experi~ mentally and by Traube's method (12, 13 ). Traube's method considers the volume of a molecule as the sum of the volumes of its component atoms; it has been used successfully for proteins (13, 14) and for small molecules in aqueous solution. The molecular volumes of the acylcarnitines, determined experimentally at 25°C, were determined by pycnometry through the use of the following equation (15) :
where ~ is the partial molecular volume 3 of the acylcarnitine including its counterions;
There is no means of measuring v, the true molecular volume of a solute; however, the partial molecular volume ~ can be used as a good approximation (9) . M, the molecular weight of the acylcarnitine; and p the density of a solution of weight fraction x. The partial molecular volume exclusive of counterions was obtained by subtracting the known partial molecular volumes of the counterions present from (16) . These latter values are based upon one of 4.5 ce/mole for hydrogen ion. The use of 0 cc/mole for hydrogen ion would result in a change of less than 2 % for the volume of the acylcarnitines used in this study.
Light Scattering. Since the results of the potentiometric titrations and partial molecular volume calculations will be used to determine the size of the unhydrated mieelle and since the molecular weight obtained is a weight-average value, it was decided to utilize light scattering as an independent means of determining mice]le size. The need for a weight-average molecular weight is not critical since micelles are fairly monodisperse (17, 18) ; however, the need for the weight of the unhydrated pa@icle is extremely important since a 1.5 A hydration layer could result in an error of over 20 % in the micelle weight.
Turbidity measurements were made with a Briee-Phoenix Universal Light Scattering Photometer (Phoenix Precision Instrument Company) equipped with a cell table and cored jacket through which 25 ° =t= 0.1 ° water was circulated. Unpolarized light of wavelength 546 mtt was used for all measurements.
All solutions were prepared with AbboLiter Sterile Water for Injection, USP (Abbott Laboratories), and were filtered through a fine porosity sintered glass funnel directly into a T-104 mierocell (Phoenix Precision Instrument Company). The cell was then centrifuged at 4000 rpm for 20 rain to remove from the light path any suspended materia| that was not removed by filtration.
The refractive index increments of the surfaetant solutions, used for calculating molecular weights from light-scattering data, were determined with a Briee-Phoenix differential refractometer. Light of wavelength 546 m~ was used, the instrument was calibrated with KCI solutions, and the temperature was maintained at 25°C.
The refractive indices of the acylcarnitines 
RESULTS
Titration Curves. The titration curves (observed pK vs. degree of ionization or protonation) of myristylcarnitine at several concentrations of added KC1 at 25°C are shown in Fig. 1 . Similar curves were obtained for laurylcarnitine and palmitylcarnitine. These titration curves are independent of surfacrant concentration as long as measurements are made well above the critical micelle concentration and at constant ionic strength. The ionic strength of the solutions used is calculated from the concentration of KC1 initially present and the KC1 formed on neutrMization of the cationic surfactants. No contribution to the ionic strength was included for the micelle since it has been shown that polyions do not contribute to the ionic strength of their solutions (19) . The pK extrapolated to fl = 0 is 4.85 + 0.03 and is independent of chain length and ionic strength.
As illustrated in Fig. 1 and Table II observed pK decreases as the degree of protonation increases, and the effect of added KC1 is to reduce the pK change at any value of ft. Table II also shows that at any value of fl and concentration of KC1 the pK values of the three acylcarnitines are relatively constant. The effects of ionic strength and fl on the surface potential of the micelle, computed from Eq. [1] , are also illustrated in Fig.  1 . Partial Molecular Volume. The partial molecular volumes of micellar lauryl-, myristyl-, and palmitylcarnitine, exclusive of their counterions, as calculated by Traube's method and as determined experimentally, are shown in Table III . There was no detectable change in the experimentally determined values with ionization of the mieelle or with increasing KC1 concentration, confirming the conclusions of Stigter in this regard (20) .
Light Scattering. In Fig. 2 Table IV . These values have not been corrected for nonideal behavior as shown by Huisman (22) and would be expected to be about 10 %-15 % higher if corrected, especially at higher degrees of ionization. In all eases the mieelle size decreases as the degree of ionization and the alkyl chain length increase.
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Calculations of the Micelle Aggregation Number from Potentiometric Titration Data.
The values of n calculated by Eqs. [11] through [14] for myristylcarnitine in 0.10M KC1 are shown in Fig. 3 Table IV . Figure 3 illustrates quite clearly that the flat plate and Debye-H~ckel treatments do not describe the electrical properties of acylcarnitine micelles as well as the treatment which utilizes the empirical formulas of Loeb et al. (6) . The fiat plate approximation is valid only at very high values of Kb, i.e., when the thickness of the electrical double layer is very small compared to the radius Of the particle. This is obviously not the case for a micelle but would be the case for a large emulsion droplet.
DISCUSSION
At low degrees of ionization where the surface potential is much less than 25 mV (see Fig. 3 ) the first Debye-Itilckel approximation gives values of n which are in good agreement with those obtained through the Loeb treatment. This would be expected since both consider point charged electrolytes surrounding a spherical particle. At high values of ~ the agreement between the two treatments is rather poor, indicating the importance of the higher order terms ignored in the Debye-IIiickel approximation.
It might be expected intuitively that the second Debye-Hfickel approximation, which accounts for the finite size of the electrolyte ions, would be more correct than the Loeb treatment, at least at low potentials where the former is mathematically valid. The better agreement found by considering electrolytes as point charges, however, can be understood if the model of the micelle, described earlier, is modified to account for the fact that the ionic groups protrude out of the hydrocarbon core of the micelle, as proposed by Stigter and Mysels (23) and Stigter (24) . Mathematically this is almost equivalent to the model of a "smooth" micelle surrounded by point charge electrolyte ions, which is the model used in the treatment of Loeb and coworkers. Whatever the exact model, the good agreement between the point charge model calculations and the light-scattering data suggests that this treatment leads to s reasonable approximation of acylcarnitine micelle behavior.
In the determination of the micelle size from potentiometric titration data there are three assumptions which warrant further comment. These are the use of a smeared charge model for the micelle; the use of the dielectric constant of the solvent; and the assumption that electrolyte ions are not bound to the micelle.
Although the net charge of a particle such as a micelle is obviously not spread evenly over its surface, it can be implied from Tanford (5) that the discrete charge model is mathematically equivalent to a smeared charge model, provided that the discrete charges are distributed more or less uniformly. Since the groups on a micelle surface are free to arrange themselvesin any manner, it is probably safe to assume that the similarly charged groups of the micelle in their lowest energy state will be as far apart as is consistent with the geometry of the micelle, and will, therefore, be uniformly distributed over the surface. This is especiMly true for a micelle containing a zwitterionic surfactant such as acylcarnitine. This is supported by a large number of studies on zwitterionic surfactants (26) (27) (28) (29) (30) which indicate that these compounds tend to be oriented at interfaces with the line connecting the two charged portions lying parallel to the interface.
The dielectric constant in the electrical double layer has been the subject of many papers (31) (32) (33) (34) , and it is generally agreed that the use of the bulk value does not introduce serious errors into the calculations. If the value of the dielectric constant at the site of the titratable group differs from its bulk value, by virtue of its position in the double layer and its proximity to a region of low dielectric constant (35) , then the intrinsic dissociation constant of that group would be altered. If this is the case, the experimentally observed pG might be the net result of a residual positive charge near the carboxyl group which lowers the pK and of the effective dielectric constant around the group which raises the pK. The validity of the treatments used in this paper, however, does not depend on the pK at ~ = 0 being the true intrinsic pK; all that is required is that the value does not change with the degree of ionization of the micelle.
The fact that electrolyte ions are not bound to the micelle is verified by the independence of the pG on the concentration of KC1 in the solution (36) . It seems safe to assume that this is the case at any value of and that the counterions held in the vicinity of the positive micelle surface are held by purely electrostatic forces.
Application to Other-Systems. The raw titration data of Vochten et al. (37) , for sapabolin, a weak acid, were found to give the same type of titration curve as described by Fig. 2 and to have an intercept of 4.85. With the use of the partial molecular volume calculated from their reported specific volume of sapabolin and its molecular weight, the calculations described in this paper were performed and gave the radius and aggregation number of the unhydrated charged particle as 13.2 A and 5. This is in excellent agreement with the value of 12.5 A for the radius and 5 for the aggregation number found by Vochten and coworkers by diffusion and light-scattering measurements. With only slight modification, therefore, it seems that equations used in this paper would be applicable to the titration of many other systems including mixed micelles and substances solubilized in micelles (38) .
SUMMARY AND CONCLUSIONS
The pK values of aeylcarnitines in the mieellar state are strongly dependent on the degree of ionization of the mieelle and the ionic strength of the solution but not on the chain length of the acyl-moiety.
The surface potential of acylcarnitine micelles at any degree of protonation can be calculated from the experimentally determined pK at that degree of protonation and the pK of the zwitterionie micelle. The surface potentials of the micelles can be used to determine their surface charge densities according to several mathematical treatments. For each treatment the calculated surface charge density and the partial molar volume of the surfactant in the micellar state can be used to calculate the radius and aggregation number of the micelle.
Comparison of these calculations with light-scattering data indicates that if the empirical equation of Loeb, Wiersema, and Overbeek is used to relate surface potential and surface charge density, the agreement between the micelle sizes determined by the two experiments is very good.
